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Abstract
Cyclodextrins are promising building blocks for the synthesis of industrial binders. We determined the
thermomechanical properties of a new binder prepared by cross-linking β-cyclodextrin with a variable 
amount of polyethylene glycol diglycidyl ether (40–60% w/w) to produce a soft polyether network that was
soluble in water and alcohol. Increasing the amount of cross-linker reduced the glass transition temperature
of the binder as determined by differential scanning calorimetry and dynamic mechanical analysis. Cooling
experiments revealed sudden stress relief below the glass transition temperature, reflecting the de-bonding
of the polymer from the metallic supports. This was prevented by contact with polytetrafluoroethylene tape.
Optical microscopy confirmed the stress relief in the form of cracking and revealed self-healing by reptation,
promoted by a higher cross-linker content and temperature. The influence of the support medium on the
thermomechanical properties of the cross-linked β-cyclodextrins will help to optimise manufacturing and 
storage methods for new binders.
Keywords: differential scanning calorimetry, dynamic mechanical analysis, polyethylene glycol,
processability, self-healing, adhesiveness
21 Introduction
Binders are typically large molecules that are used to bond the ingredients in formulations and improve the
physicochemical properties of the mixture. The paint manufacturing industry is historically one of the major
investors in the development of new polymeric binders in order to improve the cohesion of pigment particles
and adhesion to the coated substrate following evaporation of the solvent [1–3]. The electronics industry uses
binders to improve the conductivity and mechanical strength of electrodes in batteries [4–6]. Binders are also
used in rocket manufacturing to improve the safety and ballistic performance of propellants [7,8]. Finally,
medical researchers seek biocompatible binders that facilitate controlled drug release [9]. Most current binders
are derived from petrochemical resources and there is a strong demand for more sustainable alternatives
[4,10–12].
Cyclodextrins (CDs) are polysaccharides derived from starch that provide a promising set of sustainable
building blocks for the synthesis of new binders, particularly in the pharmaceutical industry [14]. As shown in
Fig. 1, these toroidal macrocycles comprise six, seven or eight glucopyranose units to form α, β and γ CDs, 
respectively [14]. CDs have the ability to complex small molecules and alter their physicochemical properties,
allowing the controlled release of drugs [15,16] or the entrapment and inactivation of toxins [17]. The many
hydroxyl groups carried by CDs are easily derivatised to yield binders that can be used to manufacture
electrodes [18–20] or drug products [21–24]. Polymeric derivatives of all three types of CDs can respond to
external stimuli such as pH or temperature and safely deliver their cargoes of drugs to target organs [25–27].
In order to process the encapsulated drugs, crystalline CDs have been chemically modified to allow the
incorporation of drugs during extrusion [26–28]. CDs were cross-linked with either multifunctional isocyanate
or ethylene glycol diepoxides to form insoluble hydrogels, which can easily be formulated into pills or capsules
[15,29–32]. These hydrogels are thermoresponsive and some of them self-heal following physical damage
[31,33]. The self-healing mechanism relies on the supramolecular interactions in the hydrogel such as
hydrogen bonding promoted by the hydroxyl groups in the polymer [34] and interactions between CD
macrocycles and the polyether chains [35–37]. Furthermore, the soft hydrogel matrix allows the polymer chains
to diffuse and re-bond in a damaged area [38–40]. The self-repair of damaged synthetic materials typically
involves physical flow of the material at or near the damaged area followed by reversible covalent bonding or
supramolecular chemistry, which also includes metal-ligand coordination, π-π stacking and ionic interactions 
[41].
Most self-repairing CD systems show a high degree of cross-linking and are insoluble in water and common
organic solvents. This limits their use as binders because post-synthesis reactions cannot be achieved without
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stress when swollen [42]. To address these drawbacks, we recently synthesised water and alcohol soluble
cross-linked βCDs using polyethylene glycol diglycidyl ether (βCPCDs) [13]. Here, we characterised the 
thermomechanical properties of the cross-linked βCPCD system and investigated the thermosensitive, self-
healing and adhesive behaviour of the synthetic materials by differential scanning calorimetry (DSC) and
dynamic mechanical analysis (DMA). These experiments provide more information about these new binders
and will facilitate the development of appropriate manufacturing and storage methods.
2 Materials
The βCPCD samples were synthesised from βCD (≥97% purity, Sigma-Aldrich) prepared as a stock (13% 
water content, determined by thermogravimetric analysis) and polyethylene glycol diglycidyl ether (PEGDGE,
Sigma-Aldrich, Mw = 500 Da, polydispersity index = 1.7) as previously described [13]. The chemical structure
and purity of all precursors and products were assessed by proton nuclear magnetic resonance (1H-NMR)
spectroscopy and DSC. The PEGDGE/βCD ratios we used are reported in Table 1, and the PEG/βCD ratio in 
the cross-linked products was determined by 1H-NMR as previously described [35]. The physical appearance
of the cross-linked products was influenced by the proportion of PEGDGE: cross-linked malleable products
were generated when the PEGDGE content exceeded 50% w/w (Fig. 2a, sample βCPCD1), whereas powdery 
products were generated when less PEGDGE was present (Fig. 2b, sample βCPCD3).  
3 Experimental
3.1 Dynamic mechanical analysis
The thermomechanical properties of the βCPCD products were determined by DMA using a Perkin Elmer 
DMA8000 device. The samples underwent a controlled sinusoidal displacement of 0.05 mm at frequencies of
1, 5 and 10 Hz in the single cantilever clamping bending configuration. The storage modulus (E′), loss 
modulus (E′′) and damping factor (tanδ) were monitored as a function of temperature and time. The free 
sample length between the vibrating and fixed cantilever clamps was ~15 mm. The testing temperature was
cycled up to three times between –100 and 140 °C at a rate of either 2 or 10 °C min-1. Each material was
tested in triplicate under each condition.
The cross-linked βCPCD samples were incapable of self-support, and were therefore tested in aluminium 
pockets (Fig. 3a), a stainless steel mesh (Fig. 3b), or aluminium pockets with polytetrafluoroethylene (PTFE)
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(30 x 14 mm) cut from a 0.1 mm thick aluminium strip (supplied by RS) and then folded lengthwise to form
the pockets. We placed ~25 mg of the cross-linked βCPCD sample in the centre of each pocket. PTFE tape 
(30 x 15 mm) was used to fold the sample in the pocket and assess the bonding interaction between the
sample and the metallic support during cooling. Rectangular strips of type 18 mesh (30 x 15 mm) were cut
from a 0.65 mm thick sheet (supplied by RS). We spread ~30 mg of the crosslinked βCPCD material around 
and in the centre of the mesh strips.
3.2 Differential scanning calorimetry
Thermal analysis of the βCPCD samples and their precursors was carried out using a Mettler Toledo DSC3+ 
device. We placed 10 mg of the material in a 40 µl aluminium pan with a pierced lid. The DSC chamber was
continuously purged with N2 gas at a flow rate of 50 ml min-1. The testing temperature was cycled three times
between –100 and 140 °C. The variation of the heat flow in the samples was recorded as a function of
temperature and time.
3.3 Optical microscopy
The dynamic physical properties of the βCPCD materials under the influence of temperature were 
investigated by optical microscopy using a Leica DM microscope fitted with a temperature-controlled stage
(Linkam THMS 600). The temperature was changed using a T95 controller and an automated LNP95 liquid
N2 pump (both from Linkam). The material was placed on a 0.5 mm thick quartz microscopy cover slip. The
slide was placed in a carrier within the stage to allow visual scanning. The stage was cooled to –100 °C and
then heated to 100 °C at either 2 or 10 °C min-1. To prevent condensation forming on the windows of the cold
stage, the interior was purged with dry N2 gas prior to cooling. A digital Qicam Fast 1394 CCD camera
(QImaging) was used to continuously record any changes in the samples during the temperature cycle. The
sample was illuminated by a white light source set in transmission mode.
4 Results and discussion
4.1 Precursor analysis – βCD
5DMA was used to determine the storage modulus (E′) and damping factor (tanδ) of βCD over three 
heating/cooling cycles from –100 °C to 140 °C at 10 °C min-1. The last cycle is shown in Fig. 4. The E′ value 
was slightly higher during the first thermal cycle compared to the second and third cycles, reflecting the
presence of synthesis-dependent stresses. There were no significant differences between the second and
third thermal cycles, which are shown in the Supporting Information (SI).
The E′ values of the pure βCD sample were inversely related to the temperature, whereas the tanδ values 
remained relatively constant during each temperature cycle, showing there was no phase transition. This is
consistent with earlier experiments that defined βCD as a crystalline compound [14]. A minor hysteresis was 
observed between cooling and heating. The lower E′ value during heating reflects the higher degree of 
relaxation in the material at high temperatures. Therefore the higher E′ value during cooling is due to the 
stress created by the high cooling rate.
The variation in E′ and tanδ was also investigated as function of the oscillation frequency. The increase in 
frequency during the temperature cycle had no significant influence on either value. The corresponding
thermogram is shown in the SI. A phase transition indicated by DSC at 83 °C (Fig. 5) persisted at
temperature cycles up to 140 °C. Earlier reports attributed this phenomenon to the dissolution of βCD 
crystals in the water present in the sample [43]. Molecular dynamics simulations predicted a glass transition
temperature (Tg) for βCD of 61 °C [44] whereas others reported a measured Tg value of 216 °C [45].
4.2 Precursor analysis – PEGDGE cross-linker
DMA was also used to determine the thermomechanical properties of the PEGDGE cross-linker, again with
three heating/cooling cycles from –100 °C to 140 °C at 10 °C min-1. There was no significant difference
between the thermal cycles so only the third cycle is shown in Fig. 6. The E′ value fell during heating, with 
two main transitions at –70 °C and –22 °C corresponding to the glass transitions of the PEGDGE sample.
The broad and laddered decline in E′ reflects the specific properties of this commercial product, a blend of 
polyethylene glycol (PEG) chains with an average molecular weight of 500 Da and a polydispersity index of
1.7.
Previous studies have shown that the Tg of PEGDGE is inversely related to its polydispersity because the
shortest polymer chains act as a plasticiser, reducing the brittleness, lowering the tensile strength and
increasing impact strength of the material overall [46,47]. During cooling, PEGDGE underwent a single glass
transition event, increasing its stiffness. However, the rapid increase in E′ from about –30 °C was followed by 
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also occurred in tests conducted at the lower heating/cooling rate of 2 °C min-1. DMA was used to test the
aluminium support in order to eliminate artefacts caused by the machine and/or support matrix (SI). The E′ 
value of the support showed linear variation within the experimental temperature range, suggesting that the
observed phenomenon is caused by the viscoelastic behaviour of the PEGDGE and its strong interaction
with the supporting pocket. Hydroxyl, epoxy and carboxyl functionalities in a polymer allow the formation of
hydrogen bonds with metal and glass [48]. The strong adhesive interactions and the change in the stiffness
of the PEGDGE sample during the glass transition promote internal stress which is suddenly released,
initiating cracking and de-bonding of the sample from the support, recorded as a sudden drop in the E′ value. 
The physical damage (such as cracking) that emerged during the cooling cycle provided an interesting initial
assessment of the adhesive strength between the sample and different support matrices. The same thermal
profile during the second and third cycles confirmed that PEGDGE recovers its initial mechanical properties
when heated above the Tg in each cycle, and the process is therefore reversible.
The effect of the oscillation frequency on the mechanical properties of PEGDGE was tested at 1, 5 and 10
Hz. The E′ curves at 1 and 10 Hz are shown in Fig. 7. The cooling and heating curves at both frequencies 
diverge at the point of glass transition. During heating, the glass transition of the compound is complete at
~25 °C as confirmed by the small decrease in E′ and the overlapping of the curves at different frequencies.  
The Tg is directly proportional to the frequency during both heating and cooling, and thus increases at higher
frequencies [49,50]. The drop in the E′ values caused by cracking is also influenced by the oscillation 
frequency: the E′ peak at 1 and 5 Hz occurs at –78 °C whereas the 10 Hz peak occurs at –70 °C.  
The cracking of the PEGDGE samples was analysed by DSC with a temperature cycle between –100 and
100 °C. The heat flow variation in the sample during the third temperature cycle is shown in Fig. 8. DSC
revealed a thermal transition during the cooling interval from –23 to –50 °C reflecting both the crystallisation
and vitrification of the blend. Therefore, the mechanical phenomenon observed by DMA is likely to occur
when the PEGDGE becomes fragile following crystallisation of the longer chains (–34 °C) and vitrification of
the shorter chains (–42 °C). The lower baseline heat flow adsorption after the crystallisation peak from –22
°C possibly indicates the presence of a glass transition due to the middle-length and shorter polymer chains
that act as a plasticiser, as reported for PEG [51]. During heating, the heat flow adsorption of the PEGDGE
increases between –70 and 10 °C in a multi-step transition that represents the combination of longer polymer
chains melting (~1 °C) and the increased mobility of the middle length and shorter chains after the glass
transition. Notably, the phase transformation measured by DMA occurred at a higher temperature compared
7to that recorded by DSC (Table 1), probably reflecting the oscillation frequency applied to each sample and
the different sample masses used in the two analytical techniques.
4.3 Analysis of the βCPCD product in aluminium pockets 
The characteristics of the precursors allowed us to select suitable methods for the analysis of βCPCD 
product samples. First, we used DMA and DSC to determine how the amount of PEGDGE cross-linker
(ranging from 40% to 60%) affected the thermomechanical properties of βCPCD, initially with the samples 
held in aluminium pockets as recommended for materials incapable of self-support. The DMA and DSC data
for βCD, PEGDGE and βCPCD are compared in Table 1.  
The E′ and tanδ values for βCPCD1 containing 60% PEG units during the third temperature cycle from –100 
to 140 °C are shown in Fig. 9. There were no significant differences in either value when comparing the three
temperature cycles, suggesting that the cross-linked system is not affected by the thermal history of the
sample, as observed for PEGDGE (SI). The PEG chains dominated the behaviour of the cross-linked
samples, with a notable shift in the transitions towards positive temperature values. During heating, DMA
revealed a gradual stepwise decrease in E′ between the temperature extremes with a major step at 55 °C 
coinciding with a tanδ peak. This broad transition was frequency dependent, suggesting it represented a 
glass transition event for βCPCD1 (SI). The softening of the βCPCD1 product was represented by a change 
in the slope of the E′ curve at –10 °C, matching with the onset of the tanδ peak, and this relates to the 
viscoelasticity of the PEG soft segments.
With an aluminium support in place, the DMA thermogram for βCPCD1 showed a similar profile to PEGDGE 
during the cooling phase, which can be attributed to the cracking of the sample. A sudden drop in E′ from its 
maximum value to 31% occurs at around –42 °C. The temperature at which cracks begin to appear in the
βCPCD1 sample was not significantly dependent on the oscillation frequency, whereas cracking of the PEG 
chains shifted from –78 °C at 1 Hz in PEGDGE to –70 °C at 10 Hz. The lower mobility of the βCPCD1 
samples reflects the existence of a cross-linked matrix compared to the viscous PEGDGE liquid, which has a
higher adhesive surface area.
The DMA curves of samples βCPCD1 (60% w/w PEGDGE) and βCPCD3 (40% w/w PEGDGE) are 
compared in Fig. 10. When the PEG content was lower, the βCPCD cracked at a much higher temperature 
(35 °C) and the E′ value dropped to 10% of its maximum, far below the 30% of maximum observed for the 
8sample with a higher PEG content. A low PEG content appears to increase the brittleness of the sample and
reduces its viscoelastic behaviour, also reducing its binding strength given that the drop in E′ is related to the 
strength of adhesion to the metallic support. The glass transitions determined from the peak tanδ values shift 
to higher temperatures when the PEG content is low. The absence of first-order transitions in the βCPCD 
samples during cooling was confirmed by DSC (Fig. 11 and SI) suggesting that βCPCD products are 
completely amorphous at temperatures between –100 and 100 °C.
4.4 Analysis of the βCPCD product on a steel mesh support 
We also investigated the way in which βCPCD1 (60% w/w PEGDGE) and βCPCD3 (40% w/w PEGDGE) 
interacted with a stainless-steel mesh in lieu of the aluminium pocket. The samples were spread over the
mesh prior to analysis (Fig. 1b). The glass transition of βCPCD1 as determined by DMA was interrupted by 
stress relaxation at 15 °C (Fig. 12). The relaxation declined between the thermal cycles but was still present
during the third cycle (SI). Cracking was still observed during cooling, but the phenomenon was less severe
when compared to the sample held in an aluminium pocket (Fig. 12). The cracking also manifested itself
over a wider temperature range (–14 °C to –70°C) compared to the sudden drop observed with the
aluminium pocket. The characteristic drop in E′ began at about –17 °C and reached 3% of the maximum 
value. The drop was visible during each cycle, confirming the stress relaxation effect that occurs with each
round of heating. The metallic mesh changes the manner in which the stress introduced during each cooling
cycle is dissipated. The mesh has a greater surface area to which the βCPCD1 can bind (362 mm2)
compared to the aluminium pocket (180 mm2) but nevertheless allows stress to be dissipated within the bulk
sample much more effectively.
4.5 Analysis of the βCPCD product in aluminium pockets with PTFE tape 
Finally, to confirm that the drop in the E′ values during cooling was due to the de-bonding of the sample from 
its support, we used PTFE tape to hold βCPCD1 samples within an aluminium pocket, thus allowing the 
samples to contract freely with the decreasing temperature. Preliminary DMA characterisation of the PTFE
tape (blank) showed a softening at the onset temperature of 18 °C (SI). The absence of adhesion between
βCPCD1 and the support when enclosed by PTFE tape was confirmed by the drop in E′ during cooling as 
shown in Fig. 13. The hysteresis between the heating and cooling curves during the same temperature cycle
diminished with each cycle. Therefore, the PTFE tape almost completely eliminated the de-bonding
9phenomenon and the formation of thermal stress in the sample during the cooling phase. The Tg of βCPCD1 
under these conditions was 41°C, identical to the value recorded in the aluminium pocket without tape,
confirming that the experimental setup does not affect the Tg.
4.6 Analysis of the βCPCD product by optical microscopy 
We used optical microscopy to characterise in more detail the cracking that occurred in the βCPCD1 product 
during cooling (Fig. 14). A glass support was considered adequate as a transparent substitute for the
metallic support we used to investigate the adhesion of the compound. The sample was cooled from 25 °C
(Fig. 14a) and began to crack at about –55 °C (Fig. 14b), with the cracks propagating further as the
temperature was reduced to –100 °C (Fig. 14c and 14d). The same sample was then heated to 100 °C and
the cracks began to self-repair, starting at 0°C (Fig. 14e) until complete healing was observed at about 80 °C
(Fig. 14h).
During a second thermal cycle on the same sample, cracking began at –58°C and initiated at a different
location (Fig. 15c). This confirms the evidence provided by the similar E′ value profiles in each thermal cycle, 
i.e. the thermal history of the sample is erased by heating as previously reported for a hydrogel CD/PEG
system [33]. In the second cycle, sample healing occurred at about 80 °C as in the first run (Fig. 15h).
Furthermore, βCPCD1 placed on PTFE tape showed no evidence of cracking during the cooling phase, 
confirming that stress relief by cracking was due to the bonding of βCPCD1 to the glass support (SI).  
This experiment confirmed the self-healing of the compound and explained why the E′ curves are identical 
during multiple temperature cycles. The self-healing behaviour is thought to reflect the reformation of
hydrogen bonds and host–guest interactions as seen in CD hydrogel systems due to the reduction of the
viscosity of the cross-linked system when heated above Tg [33,52–54]. The physical transformation occurs at
the onset of material flow behaviour, allowing the crack to be filled in, and probably involves a rheological
model involving the snake-like displacement of the polymeric chains, described as reptation [55].
The rupture strength of sample βCPCD1 was qualitatively assessed by intentionally cutting the sample (Fig. 
16b). Both parts were subsequently re-joined and annealed in the oven at 70 °C for 30 min (Fig.16c). The
joined parts were found to be cohesive after this qualitative test (Fig. 16d). The sample was gripped at its
extremities and pulled gently. The sample showed considerable elongation. Diffusion of the polymeric chains
by reptation and the reforming of hydrogen bonds in the fracture allowed the material to qualitatively self-
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repair and self-heal. In future work, we will assess the self-healing capabilities of this compound in more
detail.
5 Conclusions
The thermomechanical properties of a new cross-linked binder based on βCD and PEG segments were 
assessed by DSC and DMA. The cross-linking improved the processability of the material compared to
crystalline βCD, which has unsuitable physical properties for a binder. All cross-linked βCPCD products 
showed viscoelastic responses similar to those observed for the pure cross-linker. The viscoelasticity was
directly related to the proportion of cross-linker in the βCPCD system, with Tg values as low as –17 °C
(determined by DSC) when cross-linker content was > 50% w/w. DMA revealed a sudden drop in E′ during 
the cooling sequence, and the amplitude of the drop was directly proportional to the amount of cross-linker
present. This phenomenon is thought to reflect the de-bonding of βCPCD from the metallic support when the 
sample was cooled below Tg. The adhesiveness of the material was drastically reduced when folded in
PTFE film indicating that the adhesive strength is due to the ability to form hydrogen bonds with the metallic
support. Optical microscopy confirmed that the adhesiveness between the samples and the support,
combined with the changes in viscoelasticity of the PEG and βCPCD segments at temperatures below Tg,
produced mechanical stress that resulted in the propagation of cracks in the cross-linked material.
Interestingly, the damaged βCPCD structure was able to restore its integrity by self-healing, which began at 
0 °C and achieved complete self-repair at about 80 °C. The results show that the thermomechanical
properties of the βCPCD system are superior to those of pure βCD. The influence of the support matrix on 
the thermomechanical properties of βCPCD could facilitate the development of optimal manufacturing and 
storage methods for new binders.
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Figure captions
16
Fig. 1. a) Chemical structure of α (n=6), β (n=7) and γ (n=8) cyclodextrins. b) Toroid structure of a cyclodextrin 
molecule [13].
Fig. 2. Physical characteristics of βCPCD: a) malleable βCPCD1, and b) powdery βCPCD3.  
Fig. 3. Photographs of βCPCD samples supported by a) an aluminium pocket, b) a stainless-steel mesh, and 
c) an aluminium pocket wrapped in PTFE tape.
(a) (b)
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Fig. 4. Dynamic mechanical analysis showing the variation of the storage modulus (E′) (solid lines) and tanδ 
(dashed lines) of βCD (10 °C min-1, 1 Hz, third temperature cycle from –100 °C to 140 °C, aluminium
pocket).
Fig. 5. Differential scanning calorimetry thermogram of βCD (10 °C min-1, third temperature cycle from –100
°C to 100 °C).
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Fig. 6. Dynamic mechanical analysis showing the variation of the storage modulus (E′) (solid lines) and tanδ 
(dashed lines) of PEGDGE (10 °C min-1, 1 Hz, third temperature cycle from –100 °C to 100 °C, aluminium
pocket).
Fig. 7. Dynamic mechanical analysis showing the variation of the storage modulus (E′) of PEGDGE with 
frequency (1 and 10 Hz) during cooling (blue and green lines) and heating (black and red lines) (10 °C min-1,
third temperature cycle from –100 °C to 100 °C, aluminium pocket).
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Fig. 8. Differential scanning calorimetry thermogram of PEGDGE from –100 ° to 100 °C (10 °C min-1, third
temperature cycle, aluminium crucible).
Fig. 9.  Dynamic mechanical analysis showing the variation of the storage modulus (E′) (solid lines) and tanδ 
(dashed lines) of βCPCD1 (10 °C min-1, 1 Hz, third temperature cycle from –100 °C to 140 °C, aluminium
pocket).
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Fig. 10. Dynamic mechanical analysis showing the variation of the storage modulus (E′) and tanδ of 
βCPCD1 (60% w/w PEGDGE, solid and dotted red lines) and βCPCD3 (40% w/w PEGDGE, solid and dotted 
blue lines) (10 °C min-1, 1 Hz, third temperature cycle from –100 °C to 140 °C, aluminium pocket).
Fig. 11. Differential scanning calorimetry thermogram of βCPCD1 from –100 ° to 100 °C  (10 °C min-1, third
temperature cycle, aluminium crucible).
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Fig. 12. Dynamic mechanical analysis showing the variation of the storage modulus (E′) (solid lines) and 
tanδ (dashed lines) of βCPCD1 (10 °C min-1, 1 Hz, third temperature cycle from –100 °C to 140 °C,
stainless-steel mesh).
Fig. 13.  Dynamic mechanical analysis showing the variation of the storage modulus (E′) (solid lines) and 
tanδ (dashed lines) of βCPCD1 (10 °C min-1, 1 Hz, third temperature cycle from –100 °C to 140 °C,
aluminium pocket and PTFE tape).
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Fig. 14. Optical microscope images of βCPCD1 (60 % w/w PEGDGE) during the first temperature cycle from 
–100 to 100 °C. The top row (a-d) shows the cooling phase captured at 25, –55, –78 and –80 °C, and the
bottom row (e-h) shows the heating phase captured at 2, 43, 67 and 87 °C .
a b c d
e f g h
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Fig. 15. Optical microscope images of βCPCD1 (60% w/w PEGDGE) during the second temperature cycle 
from –100 to 100°C. The top row (a-d) shows the cooling phase captured at 100, 25, –61 and –88 °C, and
the bottom row (e-h) shows the heating phase captured at 5, 43, 68 and 84 °C.
Fig. 16. Self-healing of βCPCD1 (60% w/w PEGDGE). a) Sample after solvent evaporation. b) Sample after 
cutting. c) The parts are placed in contact. d) The sample is heated to 70 °C for 30 min and pulled by the
extremities.
Table 1
Dynamic mechanical analysis and differential scanning calorimetry data for βCPCD samples and their 
precursors.
Sample PEGDGE:βCD
(% w/w)
Cracking temperature1
(°C)
E’ drop
(%)
Tg (°C)
DMA2 DSC3
βCD - - - - 83
PEGDGE 100/0 -70 23 -60/-25 -73/-41/-204
βCPCD1 60-40 -42 33 41 -17
βCPCD2 55-45 -31 21 75 -8
βCPCD3 40-60 +42 11 93 +96
1 The third cooling cycle at 1 Hz
2 The tanδ peak 
3 Midpoint
4 The tanδ peaks of the three major transitions of PEGDGE 
